A novel polysaccharide-based hydrogel nanocomposite was prepared using grafting of acrylic acid (AA) on to kappa-carrageenan (κC) by incorporating multi-walled carbon nanotube (MCNT). In fact, MCNTs were used as nano-sized reinforcements in the synthesized nanocomposite. Spectroscopy together with morphology proved relatively strong κC-MCNT interaction. Besides, the swelling behavior of the nanocomposite hydrogel was studied. The results showed that in the presence of MCNTs, the equilibrium swelling capacity was decreased. This can be attributed to cross-linking role and hydrophilicity nature of MCNTs. The adsorption performance of hydrogel nanocomposite was also investigated for the removal of crystal violet (CV) as a cationic dye. The effects of some important parameters such as MCNT concentration, pH and contact time on the uptake of CV solution were studied. Equilibrium adsorption isotherm data of the hydrogel exhibited better fi t to the Langmuir than to the Freundlich isotherm model. According to this model, the maximum adsorption capacity of κC-based hydrogel nanocomposite was found to be 118 mg . g -1
INTRODUCTION
Hydrogels are three-dimensional polymeric networks capable of imbibing large quantities of water in its structure 1 . Polymer hydrogels have gained tremendous importance in wide variety of biomedical applications such as wound dressings , tissue engineering 5 and drug delivery systems 6-8 due to their unique water absorption and retention capacity.
However, poor mechanical properties of hydrogels are serious impediments that must be resolved for their commercial applications 9 . To date, cross-linking techniques have been used to increase mechanical strength of hydrogels, but these techniques result in only a moderate enhancement and sometimes even a lowered adsorption capacity 9 . Recently, carbon nanotubes (CNTs) have received special interest as one of the most promising nano-fi llers into polymer matrices for enhancement of its mechanical property [10] [11] [12] . In fact, as a result of the early report concerning the preparation of a CNTs/polymer composite by Ajayan et al. 13 , many efforts have been made to combine CNTs and polymers to produce functional composite materials with superior properties 14, 15 . Polymer-based nanocomposite is commonly defi ned as the combination of a polymer matrix and additives that have at least one dimension in the nanometer range. In order to exploit excellent mechanical properties of CNTs, varieties of polymer matrices were used to provide with reinforcements as reported in a review 16 . Since their discovery, CNTs have emerged as a promising molecule in the development of innovative functional nano-devices
17
. Depending on the synthesis process, CNTs are composed of either a single shell (single-walled carbon nanotube) or several rolled sheets (multi-walled carbon nanotube). Multi-walled carbon nanotubes, in particular, have received considerable attention due to their electrical, mechanical, and optical properties [18] [19] [20] [21] [22] . Moreover, CNTs are effective in adsorbing different materials
23-25
. Here, we demonstrate the preparation of a carrageenan-based hydrogel impregnated with CNTs and analyze their swelling behavior and adsorption performance of crystal violet (CV) as a model dye. There are many processes to remove CV molecules from colored solutions 26-30 . However, low adsorption capacities of these adsorbents toward dyes limit their applications in practical fi elds.
EXPERIMENTAL

Material
The polysaccharide, kappa-carrageenan (κC, from Condinson Co., Denmark), N,N'-methylene bisacrylamide (MBA, from Merck), and ammonium persulfate (APS, from Fluka) were of analytical grade and used without further purifi cation. Acrylic acid (AA, from Merck), was used after vacuum distillation. Multi-walled carbon nanotube (MCNT, outer diameter 10-20 nm, length 10-30 m, purity >95 wt% and ash <1.5 wt%) was a gift sample from Atoor Sanat Inc., Iran.
Dyestuffs
Crystal violet (CV, from Sigma-Aldrich Chemical Company, USA) was used without further purifi cation. The molecular structure and identifi cation information of CV are depicted in Table 1 .
Preparation of Hydrogel
A general procedure for the synthesis of the κC-based hydrogel nanocomposites was conducted as follows. Firstly, 0.10 g of MCNT were dispersed in 25 mL of double-distilled water using 750 Watt ultrasonic processor (VC 750, Sonics) with a high power sonic tip operated at 20 kHz frequency and 30% amplitude for 30 min. The resulted dispersion of the MCNT was added to a κC solution to get a stable dispersion. Then, 0.10 g of APS as an initiator was added to the solution and allowed to stir for 10 min. After adding of APS, certain amount of AA (3 mL) was added simultaneously to the carrageenan solution. MBA solution (0.05 g in 5 mL H 2 O) was then added to the reaction mixture. After 60 min, the reaction product was allowed to cool to ambient temperature
Instrumental Analysis
Fourier transform infrared (FTIR) spectra of samples were taken in KBr pellets, using an ABB Bomem MB-100 FTIR spectrophotometer (Quebec, Canada) at room temperature with an average of 64 scans at 4 cm
resolution. The surface morphology of the gel was examined using scanning electron microscopy (SEM). Dried superabsorbent powder were coated with a thin layer of palladium gold alloy and imaged in a SEM instrument (Leo, 1455 VP). Thermogravimetric analysis (TGA) was performed on a Universal V4.1D TA Instruments (SDT Q600) with 8-10 mg samples on a platinum pan under nitrogen atmosphere. Experiments were performed at a heating rate of 10 o C/min until 600 o C.
RESULTS AND DISCUSSION
Mechanism of hydrogel nanocomposite synthesis
Scheme 1 shows a simple structural proposal of the graft copolymerization of AA on the κC backbones in the presence of MCNT and cross-linking of the graft copolymer. In the fi rst step, the thermally dissociating initiator, i.e. APS, is decomposed under heating (80 o C) to produce sulfate anion-radicals. Then, the produced anion-radicals abstract hydrogen from the κC backbones to form corresponding macro-initiators. These macroradicals initiate grafting of AA onto κC backbones leading to a graft copolymer. Cross-linking reaction also occurred in the presence of MBA. During graft polymerization, MCNTs consumed initiator-derived radicals, which were added to π-bounds of MCNT network.
Characterization
FTIR analysis
For identifi cation of the hydrogel nanocomposite, infrared spectroscopy was used. Figure 1 shows the FTIR and neutralized to pH 8 by addition of NaOH solution (1 N). At the end of the reaction, the gel product was poured into ethanol (300 mL) and was dewatered for 12 h. Then, the product was cut into small pieces, washed with 200 mL of ethanol and fi ltered off. The particles were dried in an oven at 50 o C for 12 h. After grinding, the powdered hydrogel nanocomposite was stored in absence of moisture, heat and light.
Adsorption studies
Adsorption experiments were conducted by adding of 0.2 g hydrogel nanocomposite into 0.01 L of the CV solution at 30 o C. All of the adsorption experiments were conducted in triplicate and performed for 24 h in shaking conditions (200 rpm). To study the adsorption kinetics, at specifi ed time intervals, the amount of residual dye in the solution was determined after 24 h at λ max =590 nm. The dye concentration determinations were performed using a Perkin Elmer Lambda 35 UV/ VIS spectrophotometer.
The amount of adsorbed CV was calculated based on a mass balance equation as given below:
where q e is the equilibrium adsorption capacity (mg . g -1 ), C 0 is the initial concentration of CV in the solution (mg . L -1 ), C eq is the equilibrium concentration of CV in the solution (mg . L -1 ), V is the volume of the solution (L), and W is the dry weight of the hydrogel nanocomposite (g).
The non-linear forms of the Langmuir and Freundlich isotherm models were also used to analyze the equilibrium adsorption isotherm data which are represented by the following equations, respectively 31 :
where q e is the equilibrium CV concentration (mg . L -1 ) on the adsorbent, C e is the equilibrium concentration of CV (mg .
are Langmuir isotherm coeffi cients. The value of q m represents the maximum adsorption capacity of the adsorbent.
] and n are Freundlich isotherm coeffi cients. K F is related to the adsorption capacity of the adsorbent and n is an empirical parameter representing the heterogeneity of site energies. The fi ts of experimental data to the above mentioned isotherm models were evaluated by the non-linear coeffi cients of determination (R 2 ). surface of κC, the free-MCNT hydrogel and MCNTimpregnated hydrogel nanocomposites. As seen, SEM of κC-MCNT hydrogel nanocomposite demonstrated a relatively well-developed network with the coil MCNT uniformly distributed in the gel matrix with some small aggregates of CNTs. The SEM pattern of hydrogel nanocomposite also showed that there is only a little microphase disassociation between κC and MCNT. It should be pointed out that the SEM images of both κC-based hydrogel and nanocomposite showed the heterogeneous and porous structure.
Thermogravimetric analysis
The structure of hydrogel nanocomposite was also supported by thermogravimetric analysis (TGA) (Fig. 3) . Compared to intact κC and the pure hydrogel, the hydrogel nanocomposite had high initial decomposition temperature and lower weight loss. It is assumed that the addition of CNTs in the hydrogel nanocomposites might lead to increase in the thermal stability. The percent residual mass of the hydrogel was higher than that observed for the pure hydrogel. In fact, TGA curves of spectra of non-modifi ed κC and κC-g-poly(AA) hydrogel nanocomposite. The bands observed at 848, 919, 1022 and 1220 cm -1 can be attributed to D-galactose-4-sulfate, 3,6-anhydro-D-galactose, glycosidic linkage and ester sulfate stretching of κC, respectively (Fig. 1a) . The broad band at 3200-3400 cm -1 is due to stretching of -OH groups of substrate. The hydrogel nanocomposite product comprises a κC backbone with side chains that carry carboxylic and carboxylate functional groups that are evidenced by peaks at 1720, 1561 and 1410 cm -1 , respectively (Fig. 1b) . The very intense characteristic band at 1561 cm -1 is due to C=O asymmetric stretching in carboxylate anion that is reconfi rmed by another sharp peak at 1410 cm -1 . This peak is related to the symmetric stretching mode of the carboxylate anion. The observed peak at 1632 cm −1 also represents C=C stretches of unsaturated grapheme structure of MCNT.
Scanning electron microscopy analysis
The scanning electron microscopy (SEM) was used to know the morphology and CNT distribution in the hydrogels. Figure 2 shows SEM images of fracture 
Swelling study
In general, the swelling capacity of the hydrogel nanocomposite is strongly infl uenced by their chemical composition. Hence, to understand the infl uence of the CNTs on the swelling behavior of the hydrogels, the swelling capacity of some specimens was investigated. The swelling behavior of κC-based hydrogel and the hydrogel nanocomposite counterpart can be seen from Figure 4 . It is clearly observed that both hydrogels has the same general swelling trend. Comparing with the degree of swelling of hydrogels, it was found that the ultimate swelling capacity is decreased as the MCNTs are introduced into carrageenan backbones. This decrement in water absorbency can be attributed to the decrease in the ratio of hydrophilic and anionic polymer components 16 . Also, it is assumed that the interaction between MCNT nano-fi lers and polymeric chains can be occurred (see Scheme 1) and this interaction can lead to increase in cross-linking points and resulting in decreased swelling capacity 16, 34, 35 . When the cross-linkage between the polymeric chains is increased, the swelling capability of the hydrogels will be reduced. Additionally, as SEM shows, MCNTs were distributed irregularly in the gel matrix and formed a well-developed three-dimensional network. As a result, MCNTs can prevent solvent diffusing into gel matrix, and then MCNTs inhibit the dissolution of κC in the matrix. This effect of MCNTs can be called as shielding effect.
Within the fi rst 10 min, however, the swelling ratio of hydrogel nanocomposite is higher than that of native κC hydrogel. This is due to the capillarity of MCNTs in the matrix, which is help for the solvent diffusing into the gel matrix. After 10 min, as mentioned the swelling ratio of nanocomposite is lower than that of pure κC gel. This indicated that MCNTs inhibited the swelling of hydrogel matrix. In summary, within the fi rst 10 min the capillarity effect and after 10 min, the shielding effect is the leading effect, respectively.
Dye adsorption study
Effect of MCNT concentration on the adsorption
The effect of MCNT concentration incorporated in the hydrogel nanocomposite on the absorption of CV concentration was investigated (Fig. 5) . As shown, the adsorption capacity of the nanocomposites increased with increase in MCNT concentration up to 0.04 wt.% and thereafter the adsorption capacity decreased. The initial increase in adsorption could be originated from the hydrophobic interactions between the hydrophobic hexagonal arrays of carbon atoms in the MCNTs and the hydrophobic moieties benzene rings of CV. This can be verifi ed by the comparison of the adsorption capacity of the pure hydrogels (MCNT = 0 wt.%) and the nanocomposites containing MCNTs. In fact, MCNTs are already reported as good adsorbents for various materials due to its large specifi c surface area, and hollow and layered nano-sized structures 23, 24, 36, 37 . Therefore, the adsorption capacity of the hydrogel nanocomposite was shown to be higher than that of the puer hydrogels without any MCNTs. A further increase of MCNT concentration, however, results in decreased adsorption capacity. It is probably due to the formation of larger aggregates of MCNTs, which obstruct the access of the CV to the adsorption sites of the nanocomposites. Figure 6 demonstrates the effect of the contact time on CV adsorption capacity of the hydrogel nanocomposites. The adsorption capacity is intensely increased versus agitation time up to 90 min and then, further increase in the agitation time has practically no remarkable effect on the q e . It is obvious that increasing the reaction time provides better opportunity for interaction between the adsorbent and the adsorbate. Moreover, aggregation of dye molecules with the increase in contact time makes it almost impossible to diffuse deeper into the adsorbent structure.
Effect of agitation time on the adsorption
In fact, lower adsorption of CV at acidic pHs is due to the presence of excess H + ions competing with the cation groups on the dye for adsorption sites. At higher pHs (5-8), most of sulfate and carboxylate groups are deprotonated and the strong electrostatic interactions between negatively charged groups on the hydrogel nanocomposites and positively charged molecules of CV cause an enhancement of the adsorption capacity. The reason of the adsorption-loss for the highly basic solutions (pHs 9-13) is "charge screening effect" of excess Na + in the swelling media which shield the sulfate and carboxylate anions and prevent effective adsorption of CV molecules on the hydrogel nanocomposites.
Adsorption Isotherms
Different models like Langmuir and Freundlich have been developed for describing the behavior of adsorbent materials. The interactions between adsorbate and adsorbent to achievement of equilibrium adsorption can be studied using these adsorption isotherms. The adsorption isotherms describe the optimized adsorption system as well as the effectiveness of adsorbents. In fact, it is important to obtain an optimum isotherm model indicating the CV adsorption system onto the synthesized hydrogel nanocomposites. So, in these series of experiments, the practical data were fi tted to the Langmuir and Freundlich models ( Table 2 ). In the Langmuir adsorption model, adsorption of adsorbate takes place at specifi c homogeneous sites within the adsorbent and valid for monolayer adsorption onto adsorbents. But, the Freundlich model applies to adsorption on heterogeneous surfaces with interaction between adsorbed molecules 40 . The coeffi cients and non-linear R 2 values for both isotherm models are given in Table 2 . The R 2 values for the Langmuir (0.988) and Freundlich (0.856) models depicts that the Langmuir isotherm has the best fi t on 
Effect of pH on the adsorption
The pH of the dye solution plays important role in the whole adsorption process and particularly on the adsorption capacity
38
. By changing of the initial pH of dye solution, the nature of active center on the adsorbent can be changed and fi nally affect the adsorption behavior of adsorbate 39 . Therefore, the effect of pH of initial dye solution on the adsorption capacity was studied by varying the pH from 2 to 13 (Fig. 7) . During adsorption, existence of anionic sulfate and carboxylate groups is necessary for interaction of the hydrogel nanocomposite with positively charged CV molecules. Thus in acidic media, the most of these anionic groups are protonated, so lead to a decreased adsorption capacity. experimental data than the Freundlich model. Hence, it is possible to say that adsorption mechanism of CV on nanocomposite can be explained with a simple physical adsorption. But chelating effect of the functional groups onto the hydrogel nanocomposites are also thought to take part in the adsorption process. According to the Langmuir model, the maximum of CV adsorption capacity (118 mg . g -1 ) onto hydrogel nanocomposites was obtained. Table 3 shows some different materials used in the removal of CV and its sorption capacity values. According to these data, the adsorption capacity of the synthesized hydrogel nanocomposites in this study is comparative with that of other adsorbents. It shows that the hydrogel nanocomposite studied in this work has acceptable adsorption capacity.
hydrogel nanocomposites synthesized in this work could be used as an effective adsorbent for adsorption of cationic dyes from aqueous solutions. 
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Reusability
One of the most important properties of adsorbents is its reusability after a particular process. For obtaining the reusability of the hydrogel nanocomposites, the adsorption-desorption cycle was repeated ten times with the same adsorbent (data not shown). It was observed that the adsorption capacity did not considerably change after ten cycles. Again, this result shows that the synthesized nanocomposites are good reusable CV adsorbent materials.
CONCLUSIONS
In the present work, a new hydrogel nanocomposite composed of carrageenan and multi-walled carbon nanotube was synthesized by in situ graft polymerization of acrylic acid monomer in the presence of methylene bisacrylamide as a cross-linker. The so obtained modifi ed hydrogel was used for adsorption of crystal violet from aqueous solution. The adsorption capacity of nanocomposites was found to vary with MCNT concentration and agitation time as well as initial pH of solution.
The data also show that the CV adsorption onto the hydrogel nanocomposites obey the Langmuir isotherm model. Overall, the obtained results suggested that the
